At the W7-AS stellarator, the neoclassical "electron-root" was found in discharges with Electron Cyclotron Resonance Heating (ECRH) in both O1-and X2-mode. The electron heat diffusivity estimated from the power balance is compared with neoclassical predictions with the radial electric field, contributions to the radial fluxes had been identified. For the O1-scenarios, a purely "diffusive" neoclassical modelling of the power threshold for obtaining the "electron-root" in the different magnetic configurations is described based on the concept of the "effective helical ripple". Finally, a simulation of the ECRH switch-off by solving the time-dependent electron energy balance is performed. The results show that the "electron-root" feature at W7-AS is consistent with the neoclassical predictions.
I. INTRODUCTION 
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measurements for the O1-discharges described in this paper are missing). The experimental electron heat diffusivity, g h 7
, must be much smaller than the neoclassical prediction for the
Q i
-regime, i.e. for 9 a @ q p 1 I
; this is analysed in Sec. II A. Thresholds in density and heating power must exist for establishing the e-root feature; these thresholds depend on the magnetic configuration. For example, in Ref. [1] it was concluded that the fraction of ripple-trapped electrons in the launching plane leading to "convective" losses for scenarios with ECRH in X2-mode is an important parameter.
Equivalent discharges in O1-mode for two magnetic configurations with a different fraction of ripple-trapped electrons are analysed in Sec. II A which motivated the Fokker-Planck simulations of Sec. III.
Since the e-root feature is based on a bifurcation mechanism (several roots of the neoclassical ambipolarity condition), spontaneous and triggered transitions can appear close to the threshold (the "electric pulsations" in [2] ). Spontaneous transitions are not found for the discharges described here, e.g. a detailed r -scan (as done for the X2-scenarios) is missing. Switching-off the ECRH leads to a fast decay of the e-root feature which may be identified by the central
@
time traces obtained from the heavy ion beam probe (HIBP) diagnostic [2] (not available at W7-AS).
As an alternative, this decay can be identified from the central
¦ 7
time traces measured by the ECE diagnostic; these results are described in Sec. II B.
The main findings for ECRH in O1-mode are described in Section II and will be compared to the results with X2-mode. For the fairly high s f t with central deposition, the single-pass absorptions for O1-and X2-mode (both launched from the low-field side) are comparable (more than 90% and nearly 100%, respectively) in the linear approach being in the ray-tracing calculations [19, 20] .
For these scenarios with highly localised central power deposition (toroidally averaged power densities up to 50 W/cmu ), however, a significant quasi-linear degradation of the absorption due to the flattening of the electron distribution function close to the (relativistic) phase-space resonance might be expected. Section III describes the ray-tracing calculations and Fokker-Planck simulations [21, 22] for ECRH both in O1-and in X2-mode. Based on the experience with X2-scenarios as well as with high-power ECCD [23] , the following aspects are of particular interest: the quasilinear degradation of the single-pass absorption in O1-mode, the fraction of power absorbed by the ripple-trapped electrons in the ECRH-launching plane, and, finally, the impact of the "Ohkawa effect" [24] , i.e. the trapping of barely passing electrons due to the wave absorption. Furthermore, a purely neoclassical analysis of the power threshold for the e-root feature and a time-dependent simulation of the ECRH switch-off are described. Finally, conclusions are given in Section IV.
II. EXPERIMENTAL RESULTS FOR O1-MODE
A. Stationary ECRH Power and Density Scans GHz (X2-mode) corresponding to cm is sometimes disturbed by about 10 to 20% from one gyrotron as can be seen at the switch-off. In the profile fits, this channel (leading to an overestimate of s t
) was excluded when a disturbance could be identified. In the highw x power scan, the central peaking of the s 8 t -profile is missing, although the situation might be marginal at 690 kW.
In the low-w x power scan in Figure 1 , the s f t -profiles are highly peaked for 470 kW and 650 kW. The neoclassical transport analysis shows that the power threshold for establishing the e-root feature is between 340 kW and 470 kW (see below). In these discharges, the central part of the profiles was not covered by the Thomson diagnostic since the vertical laser chord (positioned in the vertically elongated plane) was slightly misalligned as was identified later on. In particular at low , the Shafranov shift of the magnetic axis becomes significant due to the peaked pressure profile and the toroidal current density profile lowering the central [23] . In these net-current-free discharges, the bootstrap current is feed-back controlled by an inductive current ( d f e h g j i
) which is also strongly peaked. In principle, all these pressure and current density effects might be included in the VMEC equilibrium [25] calculations for an improved mapping of the positions along the laser chord to the effective radius. In this early operational phase, however, a rather simplified mapping of the experimental data to magnetic coordinates with only pressure effects taken into account was applied. Consequently, an additional "correction" cm; see Sec. III B. However, the fraction of ripple-trapped electrons in the ECRH launching-plane is quite different as is shown in Fig. 2 . Direct power absorption by these rippletrapped electrons (this is the case for X2-mode) can lead to significant "convective" particle and heat fluxes [26] in addition to the "diffusive" neoclassical ones. , is obvious for this lowdischarge. For the equivalent high-discharge with 690 kW ECRH, however, the situation is different (the heat transport analysis and the comparison with the neoclassical prediction are not shown). Although an "electron-root" is also obtained for cm, the experimental heat diffusivity agrees with the neoclassical one for a h , i.e. improved heat confinement is not indicated in the center.
A density scan of lowdischarges with 3 and 4 gyrotrons is shown in Figure 4 . The neoclassical transport analysis for the lowf discharge is given in Figure 5 . Equivalent to the high- of the plasma radius due to the higher n for these X2-scenarios. In the early phase of W7-AS with 70 GHz ECRH (O1-mode), movable titanium carbide limiters were installed and no boronisation was applied leading to higher radiation losses compared to the X2-scenarios in the later phase with boronisation and carbon limiters on the inner wall; see [29] . Nevertheless, the discrepancy of the experimental and the neoclassical electron heat diffusivity for these O1-scenarios outside of the e-root region is not yet understood.
The best agreement of the experimental and the neoclassical heat diffusivity within the e-root region is found for high density and low ECRH power (but above the threshold); see e.g. Fig. 3 .
With smaller 8
, h
significantly exceeds the neoclassical prediction for the e-root; see Figure 6 shows some time traces of the ECE electron temperature in channels within the e-root region and outside it. The discharge with O1-mode (on the left) is comparable to the X2-mode discharge in Ref. [1] with respect to density, ECRH power and magnetic configuration. The decay time of the central ECE channels, however, is slower with about 3.1 ms compared to the X2-scenario with about 1.5 ms immediately after the switch-off. For the O1-mode discharges, the decay time in the ECE-channels outside of the e-root region is about 7.5 ms which is equivalent to those of the central channels about 1 ms after the ECRH is switched off. For the lowh discharge (on the right), the decay time is only slightly shorter (2.8 ms), but again slower compared to the X2 reference discharge. Thus, the e-root feature for ECRH in O1-mode is also confirmed by the faster decay immediately after the switch-off, but a clear difference to the X2-scenarios is found.
B. Switching-off the ECRH
For ECRH in X2-mode in the low-¡ ¢ configuration, a significant fraction of the power is absorbed by the electrons trapped within the ripple in the launching plane; see Fig. 2 . These ECRH-driven deviations in the distribution function from the Maxwellian represent a "convective" particle and energy flux [26] adding to the neoclassical one. For the O1-mode, however, the situation is completely different: only a very small fraction of the power is absorbed by trapped electrons; see Sec. III A. For this scenario, pitch-angle scattering is responsible for the energy flux to the rippletrapped electrons which dominate the transport in the lmfp-regime (at least for moderate
£ ¤
) . In this sense, the additional fluxes driven by the ECRH in O1-mode are smaller than those for X2-mode. In addition, the time-scales are different: for the O1-scenario, the collisional time-scale adds to the radial ¥ ¦ -drift time for the X2-mode. Consequently, the radial polarization current density (eq. 4 as well as eq. 10 in Ref. [1] ) related to the ECRH switch-off is significantly smaller for O1-mode leading to a slower decay of the e-root feature.
III. MODELLING AND DISCUSSIONS
The electron distribution function can be significantly perturbed by the local ECRH deposition.
This deviation from the Maxwellian at slightly suprathermal energies ( § § C © « ª ) leads to particle and energy fluxes exceeding the neoclassical ones which in the traditional approach are driven only by the gradients of the Maxwellian. In particular for the O1-scenarios, where the direct power absorption by ripple-trapped particles is negligible for both magnetic configurations, a purely neoclassical modelling of the e-root feature is performed; this is described in Sec. III B.
A. Effects of the ECRH on the Electron Distribution Function
The deviation of the electron distribution function from the Maxwellian is estimated by means of a bounce-averaged Fokker-Planck code [21] with a quasi-linear diffusion term describing the ECR power deposition. The flux-surface-averaged quasi-linear diffusion coefficient,
, is obtained from ray-tracing calculations in the framework of linear theory. The 3D Hamiltonian raytracing code integrates the radiative transfer equation using the cold plasma dispersion relation and with absorption and emission coefficients computed in the weakly relativistic limit. The "local"
is evaluated for each ray and averaged for all rays over a narrow radial shell. Refs. [26, 30] i.e. the gradients of density, temperature and electric potential, the radial gradient of the absorbed power density drives such an additional "diffusive" flux.
For balancing the power absorbed by passing particles, the "diffusive" sink model,
¤ ¦ ¥
, is used whereas the "convective" one,
¤ §
, is used for the power absorbed by the trapped particles is its maximum value at the axis (see Fig. 2 ).
In general, a different loss-cone size should be used for the "diffusive" modelling. Since both sink terms describe also the loss of particles, a simple -source model ( ) ) is used for compensation. The three free parameters of these sink and source terms are adjusted to fulfil the energy and particle balances in the time-dependent Fokker-Planck simulations. In particular for the energy balance, the power absorbed by the passing particles and by the ripple-trapped particles is used for adjusting the "diffusive" and the "convective" sink strength, respectively (separated energy balance). This time-dependent process is executed in such a way that the electron temperature is conserved (which is defined by the pitch-angle integrated slope of the distribution function at very low energies). The Fokker-Planck calculations are performed up to stationary conditions. These results indicate that kinetic effects directly related to the ECRH are much smaller for the O1-compared to the X2-scenario. For the lowconfiguration with a maximum of u in the ECRH launching plane as described in Ref. [1] , the X2-is rather comparable to the O1-scenario of Fig. 7 with the minimum of u . Consequently, a neoclassical modelling without significant ECRH-driven "convective" particle fluxes turns out to be a reasonable approximation for the e-root feature in the O1-mode (also for the X2-mode in the "maximum-u " configuration; comp. Fig. 2) .
B. Neoclassical Modelling
In the neoclassical (which is much larger than the neoclassical one at outer radii for the O1-scenarios described here) only at the transition position; see Fig. 3 . Without bifurcation
to the e-root, the central -profile must flatten to be consistent with the energy balance, otherwise the established e-root with the strong reduction of the heat diffusivity allows for the peaking of the -profile. In parallel, also the neoclassical particle fluxes must fulfil the particle balance with the ionisation of neutrals being the particle source (neither NBI nor pellet injection was used in these discharges). Furthermore, the density profiles are also determined by the ion transport which violates the "traditional" neoclassical ordering given the strong of the e-root; see [1] for more details. From the experimental point of view, however, no flattening of the central e -profile was observed indicating that the bifurcation to the e-root with the improved central confinement is preferred.
Depending on heating power and density, the bifurcation to the e-root appears at an experimental heat diffusivity of t e m /s, this value is lowest for low heating power and high density.
This a -level must be compared with the neoclassical value in the -regime, i.e. for configurations with larger I the bifurcation to the e-root appears at lower heating power for equivalent temperatures. From this purely neoclassical interpretation, the power threshold for the e-root feature scales with 9 G & s . For example, the power threshold in the low-"standard" configuration is between 340 kW and 470 kW and in the highconfiguration more than 690 kW (comp. Fig. 1 with (slightly) different densities and plasma radii). The ratio of these thresholds is roughly consistent with the I s -scaling in the -regime. Furthermore, the power threshold of the e-root for the X2-scenarios in the "maximum-" configuration of Ref. [1] is about twice that for the "standard" configuration (both at low ), for the latter a "convective" flux contribution must be taken into account.
The purely neoclassical transition to the e-root feature depends on heating power, density and on the magnetic configuration. The heating power increases a which is the dominant dependence for the heat diffusivity in the
in the limit of a large polidal Mach number (this holds for the e-root);
here å ae ¿ is the normalised toroidal curvature which reflects the optimisation due to an "averaged elongation" ( å ae ¿ â Ü ç è é for W7-AS).
In order to obtain a stationary solution corresponding to the scenario of Fig. 6 (on the left) and ), at the outer radii an "anomalous" (stationary) electron heat diffusivity comparable to the experimental¨ § from the power balance is added to the neoclassical transport coefficient obtained with energy convolution from fitting the database of mono-energetic transport coefficients calculated by the DKES code [27, 28] . In this way, the outer £ § -profile is roughly fitted to the experimental one. At the inner radii within the e-root region, which is obtained for stationary conditions in the simulations, the neoclassical fluxes dominate. Since also the stationary transport analysis leads to a¨ § exceeding the purely neoclassical heat diffusivity for the e-root, the ECRH power was reduced to 250 kW (640 kW for the discharge at intermediate density; see in the "maximum-ü " configuration the e-root feature can be described by purely diffusive transport modelling.
IV. SUMMARY AND CONCLUSIONS
The "electron-root" feature is consistent with the neoclassical predictions. In particular, for the ECRH absorption by passing particles, i.e. for the O1-mode in all typical magnetic configurations of W7-AS (also for the X2-mode with the maximum of ü in the launching plane [1] ), a "diffusive" neoclassical modelling is quite reasonable. For significant X2-mode absorption by ripple-trapped electrons in the launching plane, however, "convective" losses play an important role. In this case, the "convective" fluxes are related to the loss-cone size in the launching plane whereas the "diffusive" fluxes can be related to the "effective helical ripple" describing the averaged transport in the ý þ -regime for small radial electric fields.
Two scenarios are found: i) the experimental heat conductivity is consistent with the neoclassical one in the "ion root" region except at the outermost radii, and ii) the neoclassical heat diffusivity
is much lower than the experimental one outside of the transition position to the e-root feature. In the first case, the transition is simply formulated as a bifurcation between different roots of the ambipolarity of the neoclassical fluxes, the observed spontaneous transitions [1] All these findings result in an e-root perspective for W7-X, presently under construction at Greifswald. W7-X is a high-mirror advanced stellarator with a very strong elongation of about 6. For example, the variable "effective helical ripple" on axis with of the e-root will push the impurities as well as the helium ash outward. The`-particle heating is roughly equivalent to the ECRH, and the ions are heated only by collisional coupling. An e-root scenario relevant for a stellarator reactor might have lower densities, but higher temperatures. This topic, however, needs further investigations.
As a last conclusion, the analysis of old experimental data with the present experience and understanding can lead to very surprising findings. After shut-down of an experiment, however, the time and the necessary patience are typically missing for such "data mining". see [18] . In the region of multiple roots, the neoclassical heat diffusivity is given only for both stable roots. 
